Introduction {#Sec1}
============

The top quark is the heaviest fundamental particle in the standard model (SM) of particle physics. Understanding the production cross-section and kinematics of $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ pairs is an important test of SM predictions. Furthermore, $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ production is often an important background in searches for new physics and a detailed understanding of this process is therefore crucial.

At the large hadron collider (LHC), $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ pair production in proton--proton (*pp*) collisions at a centre-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=13$$\end{document}$ TeV occurs predominantly via gluon fusion (90%) with small contributions from $\documentclass[12pt]{minimal}
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                \begin{document}$$q\bar{q}$$\end{document}$ annihilation (10%). Significant progress has been made in the precision of the calculations of the cross-section of this process, both inclusive and differential. Currently, calculations are available at next-to-next-to-leading order (NNLO) in perturbative QCD, including the resummation of next-to-next-to-leading logarithmic (NNLL) soft gluon terms \[[@CR1]--[@CR11]\].
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                \begin{document}$$t\bar{t}$$\end{document}$ production have been measured by the ATLAS \[[@CR12]--[@CR14]\] and CMS \[[@CR15], [@CR16]\] experiments, in events containing either one or two charged leptons, at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=7$$\end{document}$ TeV and $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8$$\end{document}$ TeV. Measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ differential cross-sections at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=13$$\end{document}$ TeV have also been made at the CMS experiment \[[@CR17]\] in events containing one charged lepton. The integrated luminosity of 3.2 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ of *pp* collision data collected by the ATLAS experiment at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=13$$\end{document}$ TeV allows the measurement of the differential cross-section as a function of the kinematic variables of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system in a different kinematic regime compared to the previous LHC measurements. The inclusive cross-section has been measured at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=13$$\end{document}$ TeV by both the ATLAS \[[@CR18]\] and CMS \[[@CR19], [@CR20]\] experiments and was found to be in agreement with the theoretical predictions. This article presents measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ differential cross-sections in terms of five different kinematic observables, both absolute and normalised to the fiducial cross-section. These observables are the transverse momentum of the top quark ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text{ T }}(t)$$\end{document}$), the absolute rapidity of the top quark (\|*y*(*t*)\|), the transverse momentum of the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text{ T }}(t\bar{t})$$\end{document}$), the absolute rapidity of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|y(t\bar{t})|$$\end{document}$), and the invariant mass of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m(t\bar{t})$$\end{document}$). The distributions of these variables are unfolded to the particle level in a fiducial volume. The $\documentclass[12pt]{minimal}
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                \begin{document}$$m(t\bar{t})$$\end{document}$ observables are expected to be sensitive to the modelling of higher-order corrections in QCD, whereas the rapidity of the top quark and $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system are expected to have sensitivity to the parton distribution functions (PDF) used in the simulations. The $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text{ T }}(t\bar{t})$$\end{document}$ observable is sensitive to the amount of gluon radiation in the event and can be useful for the tuning of Monte Carlo (MC) generators. Top quarks and anti-top quarks are measured in one combined distribution for the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text{ T }}(t)$$\end{document}$ and \|*y*(*t*)\| observables, rather than studying them separately. The $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system is reconstructed in events containing exactly one electron and one muon. Events in which a $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ lepton decays to an electron or muon are also included.

ATLAS detector {#Sec2}
==============

The ATLAS detector \[[@CR21]\] at the LHC covers nearly the entire solid angle around the interaction point. It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroidal magnet systems. The inner-detector system is immersed in a 2 T axial magnetic field and provides charged-particle tracking in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$.[1](#Fn1){ref-type="fn"}

The high-granularity silicon pixel detector surrounds the collision region and provides four measurements per track. The closest layer, known as the Insertable B-Layer \[[@CR22], [@CR23]\], was added in 2014 and provides high-resolution hits at small radius to improve the tracking performance. The pixel detector is followed by the silicon microstrip tracker, which provides four three-dimensional measurement points per track. These silicon detectors are complemented by the transition radiation tracker, which enables radially extended track reconstruction up to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | = 2.0$$\end{document}$. The transition radiation tracker also provides electron identification information based on the fraction of hits (typically 30 in total) passing a higher charge threshold indicative of transition radiation.

The calorimeter system covers the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 4.9$$\end{document}$. Within the region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |< 3.2$$\end{document}$, electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) electromagnetic calorimeters, with an additional thin LAr presampler covering $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.8$$\end{document}$ to correct for energy loss in material upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel structures within $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.7$$\end{document}$, and two copper/LAr hadronic endcap calorimeters that cover $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5< |\eta | < 3.2$$\end{document}$. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic measurements respectively, in the region $\documentclass[12pt]{minimal}
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                \begin{document}$$3.1< |\eta | < 4.9$$\end{document}$.

The muon spectrometer comprises separate trigger and high-precision tracking chambers measuring the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision chamber system covers the region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.7$$\end{document}$ with three layers of monitored drift tubes, complemented by cathode strip chambers in the forward region, where the background is highest. The muon trigger system covers the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$ with resistive-plate chambers in the barrel, and thin-gap chambers in the endcap regions.

A two-level trigger system is used to select interesting events \[[@CR24], [@CR25]\]. The Level-1 trigger is implemented in hardware and uses a subset of detector information to reduce the event rate to a design value of at most 100 kHz. This is followed by the software-based high-level trigger, which reduces the event rate to 1 kHz.

Data and simulation samples {#Sec3}
===========================

The *pp* collision data used in this analysis were collected during 2015 by ATLAS and correspond to an integrated luminosity of 3.2 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13$$\end{document}$ TeV. The data considered in this analysis were collected under stable beam conditions, and requiring all subdetectors to be operational. Each selected event includes additional interactions from, on average, 14 inelastic *pp* collisions in the same proton bunch crossing, as well as residual detector signals from previous bunch crossings with a 25 ns bunch spacing, collectively referred to as "pile-up". Events are required to pass a single-lepton trigger, either electron or muon. Multiple triggers are used to select events: either triggers with low $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ thresholds of 24 GeV that utilise isolation requirements to reduce the trigger rate, or higher $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ thresholds of 50 GeV for muons or 60 and 120 GeV for electrons, with no isolation requirements to increase event acceptance.

MC simulations are used to model background processes and to correct the data for detector acceptance and resolution effects. The ATLAS detector is simulated \[[@CR26]\] using [Geant]{.smallcaps} 4 \[[@CR27]\]. A "fast simulation" \[[@CR28]\], utilising parameterised showers in the calorimeter, but with full simulation of the inner detector and muon spectrometer, is used in the samples generated to estimate $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ modelling uncertainties. Additional *pp* interactions are generated using [Pythia]{.smallcaps} 8 (v8.186) \[[@CR29]\] and overlaid on signal and background processes in order to simulate the effect of pile-up. The MC simulations are reweighted to match the distribution of the average number of interactions per bunch crossing that are observed in data. This process is referred to as "pile-up reweighting". The same reconstruction algorithms and analysis procedures are applied to both data and MC simulation. Corrections derived from dedicated data samples are applied to the MC simulation in order to improve agreement with data.
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                \begin{document}$$t\bar{t}$$\end{document}$ sample is simulated using the next-to-leading order (NLO) [Powheg]{.smallcaps}-Box (v2) matrix-element event generator \[[@CR30]--[@CR32]\] using [Pythia]{.smallcaps} 6 (v6.427) \[[@CR33]\] for the parton shower (PS). [Powheg]{.smallcaps}-Box is interfaced to the CT10 \[[@CR34]\] NLO PDF set while [Pythia]{.smallcaps} 6 uses the CTEQ6L1 PDF set \[[@CR35]\]. A set of tuned parameters called the Perugia 2012 tune \[[@CR36]\] is used in the simulation of the underlying event. The "$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ of the first additional gluon emission beyond the Born configuration, is set to the mass of the top quark ($\documentclass[12pt]{minimal}
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                \begin{document}$$m_{t}$$\end{document}$). The main effect of this is to regulate the high-$\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system recoils. The choice of this $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{\mathrm {damp}}$$\end{document}$ value was found to improve the modelling of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system kinematics with respect to data in previous analyses \[[@CR37]\]. In order to investigate the effects of initial- and final-state radiation, alternative [Powheg]{.smallcaps}-Box $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ [Pythia]{.smallcaps} 6 samples are generated with the renormalisation and factorisation scales varied by a factor of 2 (0.5) and using low (high) radiation variations of the Perugia 2012 tune and an $\documentclass[12pt]{minimal}
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                \begin{document}$$2m_{t}$$\end{document}$), corresponding to less (more) parton-shower radiation \[[@CR37]\], referred to as "radHi" and "radLo". These variations were selected to cover the uncertainties in the measurements of differential distributions in $\documentclass[12pt]{minimal}
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                \begin{document}$$h_{\mathrm {damp}}$$\end{document}$ value for the low radiation sample is not decreased as it was found to disagree with previously published data. Alternative samples are generated using [Powheg]{.smallcaps}-Box (v2) and [MadGraph5]{.smallcaps}\_aMC\@NLO  (v2.2.1) \[[@CR38]\], referred to as [MG5]{.smallcaps}\_aMC\@NLO hereafter, both interfaced to Herwig++  (v2.7.1) \[[@CR39]\], in order to estimate the effects of the choice of matrix-element event generator and parton-shower algorithm. Additional $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ samples are generated for comparisons with unfolded data using [Sherpa]{.smallcaps}  (v2.2.0) \[[@CR40]\], [Powheg]{.smallcaps}-Box (v2) $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ [Pythia]{.smallcaps} 8 as well as [Powheg]{.smallcaps}-Box (v2) and [MG5]{.smallcaps}\_aMC\@NLO interfaced to [Herwig]{.smallcaps} 7 \[[@CR39], [@CR41]\]. In all $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ samples, the mass of the top quark is set to 172.5 GeV. These $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ samples are described in further detail in Ref. \[[@CR37]\].

Background processes are simulated using a variety of MC event generators. Single-top quark production in association with a *W* boson (*Wt*) is simulated using [Powheg]{.smallcaps}-Box v1 $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ [Pythia]{.smallcaps} 6 with the same parameters and PDF sets as those used for the nominal $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ sample and is normalised to the theoretical cross-section \[[@CR42]\]. The higher-order overlap with $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ production is addressed using the "diagram removal" (DR) generation scheme \[[@CR43]\]. A sample generated using an alternative "diagram subtraction" (DS) method is used to evaluate systematic uncertainties \[[@CR43]\].

[Sherpa]{.smallcaps}  (v2.1.1), interfaced to the CT10 PDF set, is used to model Drell--Yan production, where the dominant contribution is from $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^*\rightarrow \tau ^+\tau ^-$$\end{document}$. For this process, [Sherpa]{.smallcaps} calculates matrix elements at NLO for up to two partons and at leading order (LO) for up to four partons using the OpenLoops \[[@CR44]\] and Comix \[[@CR45]\] matrix-element event generators. The matrix elements are merged with the [Sherpa]{.smallcaps} parton shower \[[@CR46]\] using the ME $\documentclass[12pt]{minimal}
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Background contributions containing one prompt lepton and one misidentified ("fake") lepton, arising from either a heavy-flavour hadron decay, photon conversion, jet misidentification or light-meson decay, are estimated using samples from MC simulation. The history of the stable particles in the generator-level record is used to identify fake leptons from these processes by identifying leptons that originated from hadrons. The majority ($\documentclass[12pt]{minimal}
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Object and event selection {#Sec4}
==========================
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Muon candidates are identified from muon-spectrometer tracks that match tracks in the inner detector, with $\documentclass[12pt]{minimal}
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Signal events are selected by requiring exactly one electron and one muon of opposite electric charge, and at least two jets, at least one of which must be *b*-tagged. No requirements are made on the $\documentclass[12pt]{minimal}
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The event yields after the signal selection are listed in Table [1](#Tab1){ref-type="table"}. The number of events observed in the signal region exceeds the prediction, but the excess is within the uncertainties. Distributions of lepton and jet $\documentclass[12pt]{minimal}
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Fig. 1Kinematic distributions for the electron $\documentclass[12pt]{minimal}
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                \begin{document}$$e^{{\pm }}\mu ^{\mp }$$\end{document}$ signal selection. In all figures, the rightmost bin also contains events that are above the *x*-axis range. The *dark uncertainty bands* in the ratio plots represent the statistical uncertainties while the *light uncertainty bands* represent the statistical, systematic and luminosity uncertainties added in quadrature. The uncertainties quoted include uncertainties from leptons, jets, missing transverse momentum, background modelling and pile-up modelling. They do not include uncertainties from PDF or signal $\documentclass[12pt]{minimal}
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Particle-level objects are constructed using generator-level information in the MC simulation, using a procedure intended to correspond as closely as possible to the reconstructed object and event selection. Only objects in the MC simulation with a lifetime longer than $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$. Intermediate *b*-hadrons in the MC decay chain history are clustered in the stable-particle jets with their energies set to zero. If, after clustering, a particle-level jet contains one or more of these "ghost" *b*-hadrons, the jet is said to have originated from a *b*-quark. This technique is referred to as "ghost matching" \[[@CR64]\]. Particle-level $\documentclass[12pt]{minimal}
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Events are selected at the particle level in a fiducial phase space region with similar requirements to the phase space region at reconstruction level. Events are selected by requiring exactly one particle-level electron and one particle-level muon of opposite electric charge, and at least two particle-level jets, at least one of which must originate from a *b*-quark.

Reconstruction {#Sec5}
==============
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Whereas the individual four-momenta of the two neutrinos in the final state are not directly measured in the detector, the sum of their transverse momenta is measured as $\documentclass[12pt]{minimal}
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In each event, there may be more than two jets and therefore many possible combinations of jets to use in the kinematic reconstruction. In addition, there is an ambiguity in assigning a jet to the *t* or to the $\documentclass[12pt]{minimal}
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Equation ([1](#Equ1){ref-type=""}) cannot always be solved for a particular assumption of $\documentclass[12pt]{minimal}
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For a fraction of events, even smearing does not help to find a solution. Such events are not included in the signal selection and are counted as an inefficiency of the reconstruction. For the signal $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system. In all figures, the rightmost bin also contains events that are above the *x*-axis range. The *uncertainty bands* represent the statistical uncertainties (*dark*) and the statistical, systematic and luminosity uncertainties added in quadrature (*light*). The uncertainties quoted include uncertainties on leptons, jets, $\documentclass[12pt]{minimal}
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Unfolding {#Sec6}
=========

To obtain the absolute and normalised differential cross-sections in the fiducial phase space region (see Sect. [4](#Sec4){ref-type="sec"}) with respect to the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system variables, the distributions are unfolded to particle level using an iterative Bayesian method \[[@CR66]\] implemented in the [RooUnfold]{.smallcaps} package \[[@CR67]\]. In the unfolding, background-subtracted data are corrected for detector acceptance and resolution effects as well as for the efficiency to pass the event selection requirements in order to obtain the absolute differential cross-sections. The fiducial differential cross-sections are divided by the measured total cross-section, obtained by integrating over all bins in the differential distribution, in order to obtain the normalised differential cross-sections.
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                \begin{document}$$N_j^\text {bkg}$$\end{document}$ is the estimated number of background events in bin *j*. The efficiency parameter, $\documentclass[12pt]{minimal}
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                \begin{document}$$\epsilon_j^{\text{fid}}$$\end{document}$), is used to correct for events passing the reconstructed (fiducial) event selection but not the fiducial (reconstructed) selection.

The response matrix, *R*, describes the detector response, and is determined by mapping the bin-to-bin migration of events from particle level to reconstruction level in the nominal $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ MC simulation. Figure [3](#Fig3){ref-type="fig"} shows the response matrices that are used for each experimental observable, normalised such that the sum of entries in each row is equal to one. The values represent the fraction of events at particle level in bin *i* that are reconstructed in bin *j* at reconstruction level.

The binning for the observables is chosen such that approximately half of the events are reconstructed in the same bin at reconstruction level as at the particle level (corresponding to a value of approximately 0.5 in the diagonal elements of the migration matrix). Pseudo-data are constructed by randomly sampling events from the nominal $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ MC sample, to provide a number of events similar to the number expected from data. These pseudo-data are used to establish the stability of unfolding with respect to the choice of binning with pull tests. The binning choice must result in pulls consistent with a mean of zero and a standard deviation of one, within uncertainties. The choice of binning does not introduce any bias or underestimation of the statistical uncertainties. The number of iterations used in the iterative Bayesian unfolding is also optimised using pseudo-experiments. Iterations are performed until the $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ per degree of freedom, calculated by comparing the unfolded pseudo-data to the corresponding generator-level distribution for that pseudo-data set, is less than unity. The optimum number of iterations is determined to be six. Tests are performed to establish that the unfolding procedure is able to successfully unfold distributions other than those predicted by the nominal MC simulation.Fig. 3The response matrices for the observables obtained from the nominal $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ MC, normalised by row to unity. *Each bin* shows the probability for a particle-level event in bin *j* to be observed in a reconstruction-level bin *i*. White corresponds to 0 probability and the *darkest green* to a probability of one, where the other probabilities lie in between those *shades*

Systematic uncertainties {#Sec7}
========================

The measured differential cross-sections are affected by systematic uncertainties arising from detector response, signal modelling, and background modelling. The contributions from various sources of uncertainty are described in this section. Summaries of the sources of uncertainty for the absolute and normalised differential cross-sections for the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}(t)$$\end{document}$ are presented in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}. The total systematic uncertainties are calculated by summing all of the individual systematic uncertainties in quadrature and the total uncertainty is calculated by summing the systematic and statistical uncertainties in quadrature. The effect of different groups of systematic uncertainties is shown graphically for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}(t)$$\end{document}$ in Fig. [4](#Fig4){ref-type="fig"}.

Signal modelling uncertainties {#Sec8}
------------------------------

The following systematic uncertainties related to the modelling of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system in the MC generators are considered: the choice of matrix-element generator, the hadronisation model, the choice of PDF, and the amount of initial- and final-state radiation.

Each source is estimated by using a different MC sample in the unfolding procedure. In particular, a chosen baseline MC sample is unfolded using response matrices and corrections derived from an alternative sample. The difference between the unfolded distribution in the baseline sample and the true distribution in the baseline sample is taken as the systematic uncertainty due to the signal modelling.

The choice of NLO generator (MC generator) affects the kinematic properties of the simulated $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ events and the reconstruction efficiencies. To estimate this uncertainty, a comparison between [Powheg]{.smallcaps}-Box and [MG5]{.smallcaps}\_aMC\@NLO (both using Herwig++ for the parton-shower simulation) is performed, with the [Powheg]{.smallcaps}-Box sample used as the baseline. The resulting systematic shift is used to define a symmetric uncertainty, where deviations from the nominal sample are also considered to be mirrored in the opposite direction, resulting in equal and opposite symmetric uncertainties (called symmetrising).

To evaluate the uncertainty arising from the choice of parton-shower algorithm, a sample generated using [Powheg]{.smallcaps}-Box + [Pythia]{.smallcaps} 6 is compared to the alternative sample generated with [Powheg]{.smallcaps}-Box + Herwig++, where both samples use "fast simulation". The resulting uncertainty is symmetrised. The choices of NLO generator and parton-shower algorithm are dominant sources of systematic uncertainty in all observables.

The uncertainty due to the choice of PDF is evaluated using the PDF4LHC15 prescription \[[@CR68]\]. The prescription utilises 100 eigenvector shifts derived from fits to the CT14 \[[@CR69]\], MMHT \[[@CR69]\] and NNPDF3.0 \[[@CR70]\] PDF sets (PDF4LHC 100). The nominal MC sample used in the analysis is generated using the CT10 PDF set. Therefore, the uncertainty is taken to be the standard deviation of all eigenvector variations summed in quadrature with the difference between the central values of the CT14 and CT10 PDF sets (PDF extrapolation). The resulting uncertainty is symmetrised. Both PDF-based uncertainties contribute as one of the dominant systematic uncertainties.

Uncertainties arising from varying the amount of initial- and final-state radiation (radiation scale), which alters the jet multiplicity in events and the transverse momentum of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ system, are estimated by comparing the nominal [Powheg]{.smallcaps}-Box + [Pythia]{.smallcaps} 6 sample to samples generated with high and low radiation settings, as discussed in Sect. [3](#Sec3){ref-type="sec"}. The uncertainty is taken as the difference between the nominal and the increased radiation sample, and the nominal and the decreased radiation sample. The initial- and final-state radiation is a significant source of uncertainty in the absolute cross-section measurements but only a moderate source of uncertainty in the normalised cross-sections.

Background modelling uncertainties {#Sec9}
----------------------------------

The uncertainties in the background processes are assessed by repeating the full analysis using pseudo-data sets and by varying the background predictions by one standard deviation of their nominal values. The difference between the nominal pseudo-data set result and the shifted result is taken as the systematic uncertainty.

Each background prediction has an uncertainty associated with its theoretical cross-section. The cross-section for the *Wt* process is varied by $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^*\rightarrow \tau ^+\tau ^-$$\end{document}$ background is varied by $\documentclass[12pt]{minimal}
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                \begin{document}$${\pm }$$\end{document}$5% based on studies of different MC generators. A 30% uncertainty is assigned to the normalisation of the fake-lepton background based on comparisons between data and MC simulation in a fake-dominated control region, which is selected in the same way as the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ signal region but the leptons are required to have same-sign electric charges.

An additional uncertainty is evaluated for the *Wt* process by replacing the nominal DR sample with a DS sample, as discussed in Sect. [3](#Sec3){ref-type="sec"}, and taking the difference between the two as the systematic uncertainty.

Detector modelling uncertainties {#Sec10}
--------------------------------

Systematic uncertainties due to the modelling of the detector response affect the signal reconstruction efficiency, the unfolding procedure, and the background estimation. In order to evaluate their impact, the full analysis is repeated with variations of the detector modelling and the difference between the nominal and the shifted results is taken as the systematic uncertainty.

The uncertainties due to lepton isolation, trigger, identification, and reconstruction requirements are evaluated in 2015 data using a tag-and-probe method in leptonically decaying *Z*-boson events \[[@CR56]\]. These uncertainties are summarised as "Lepton" in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}.

The uncertainties due to the jet energy scale and resolution are extrapolated to $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8$$\end{document}$ TeV dijet data \[[@CR59]\]. To account for potential mismodelling of the JVT distribution in simulation, a 2% systematic uncertainty is applied to the jet efficiency. These uncertainties are summarised as "Jet" in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}. Uncertainties due to *b*-tagging, summarised under "*b*-tagging", are determined using $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=8$$\end{document}$ TeV data as described in Ref. \[[@CR71]\] for *b*-jets and Ref. \[[@CR72]\] for *c*- and light-jets, with additional uncertainties to account for the presence of the new Insertable B-Layer detector and the extrapolation from $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=13$$\end{document}$ TeV \[[@CR62]\].

The systematic uncertainty due to the track-based terms (i.e. those tracks not associated with other reconstructed objects such as leptons and jets) used in the calculation of $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\rightarrow \mu \mu $$\end{document}$ events, which do not contain prompt neutrinos from the hard process, using different generators. Uncertainties associated with energy scales and resolutions of leptons and jets are propagated to the $\documentclass[12pt]{minimal}
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The uncertainty due to the integrated luminosity is $\documentclass[12pt]{minimal}
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                \begin{document}$${\pm } 2.1$$\end{document}$%. It is derived, following a methodology similar to that detailed in Ref. \[[@CR73]\], from a calibration of the luminosity scale using *x*--*y* beam-separation scans performed in August 2015. The uncertainty in the pile-up reweighting is evaluated by varying the scale factors by $\documentclass[12pt]{minimal}
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The uncertainties due to lepton and $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ modelling are not large for any observable. For the absolute cross-sections, the uncertainty due to luminosity is not a dominant systematic uncertainty, and this uncertainty mainly cancels in the normalised cross-sections. The luminosity uncertainty does not cancel fully since it affects the background subtraction. The uncertainty due to jet energy scale and JVT is a significant source of uncertainty in the absolute cross-sections and in some of the normalised cross-sections such as for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}(t\bar{t})$$\end{document}$. The uncertainties due to the limited number of MC events are evaluated using pseudo-experiments. The data statistical uncertainty is evaluated using the full covariance matrix from the unfolding.

Table 2Summary of the sources of uncertainty in the absolute fiducial differential cross-section as a function of $\documentclass[12pt]{minimal}
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Fig. 4Summary of the fractional size of the absolute (**a**) and normalised (**b**) fiducial differential cross-sections as a function of $\documentclass[12pt]{minimal}
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Results {#Sec11}
=======

The unfolded particle-level distributions for the absolute and normalised fiducial differential cross-sections are presented in Table [4](#Tab4){ref-type="table"}. The total systematic uncertainties include all sources discussed in Sect. [7](#Sec7){ref-type="sec"}.

The unfolded normalised data are used to compare with different generator predictions. The significance of the differences of various generators, with respect to the data in each observable, are evaluated by calculating the $\documentclass[12pt]{minimal}
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The normalised differential cross-sections for all observables are compared to predictions of different MC generators in Fig. [5](#Fig5){ref-type="fig"}.
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Fig. 5The measured normalised fiducial differential cross-sections compared to predictions from [Powheg]{.smallcaps}-Box (*top ratio panel*), [MG5]{.smallcaps}\_aMC\@NLO, and [Sherpa]{.smallcaps} (*bottom ratio panel*) interfaced to various parton shower programs
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Absolute and normalised differential top-quark pair-production cross-sections in a fiducial phase-space region are measured using 3.2 fb$\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upwards. Cylindrical coordinates $\documentclass[12pt]{minimal}
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The transverse impact parameter significance is defined as $\documentclass[12pt]{minimal}
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